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ABSTRACT 

A eimpllfied th«oretlcftl treatment has "been developed for the humln^ 
of sln^'l© drops of monopropellnntB. rlvapomtlon constants and the ratios 
of flare to droplet radii have heen calculated for the following' mono- 
propellants humln^; In an inert atmosphere: hydrogen peroxide, nltro- 

methane, hydmzlne, ethylene oxide, ozone and nitrous oxide. Compared 
with the results of similar calculations for fuels burning In air, much 
smaller flame radii were obtained, while the evaporation constants were 
foxind to fall in the same range as before. 

Attempts at burning single droplets of nonopropellants (e,g, hydrazine 
and nltromethane) in a nitrogen atmosphere were xmsuccessful. Monopro- 
pellant droplets burning stably in air were found to extinguish if the 
oxygen was removed during burning. These experimental findings probably 
reflect the well-known difficulties encountered in monopropellant opera- 
tion, which is ustially successful only If a suitable reaction catalyst is 
available. The applicability of calculated monopropellont burning rates 
to practical cases cannot be assessed at this time. 

Single droplets of hydrazine and nltromethane were burnt in air and 
evaporation constants determined experimentally. The measured rate for 
nltromethane was found to be in good agreement with calculated results for 
heterogeneous burning of fuel droplets in air. The measured rate for 
hydrazine was found to be considerably higher than the value calculated 
for fuel dropleto burning in air or for monop rope llant droplets burning in 
an inert atmosphere. This latter resxilt probably indicates that the 
asBuisTitlon of a diffusion flame for the burning of hydrazine in nir is not 
valid, l,e, , the hydrazine decomposes throughout the region between the 
liquid surface and the ”fl{?me surface” rather than reacting Instantaneously 
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I. I?T‘?^iOPUCTIOR 



In recent years there hfts teen Increased effort to detarnine the 
cechanlsn of cor>ustion of individual droplets of fuel. These basic 
studies were initiated in order to aid in the design of efficient spray 
injection type humers. 

Most of the previously -cuhllshed experiiaental work of heterogeneous 
burning of single droplets has been llniited to the study of liquid fuel 
droplets burning in an oxidizing atmosphere. For example, Godsave (1,2), 
Goldsmith and Perkins ( 3 ), and others have conducted experiments with such 
hydrocarbon fuels as benzene, ethyl alcohol and n-heptane using air as the 
oxidizing medium. These investigators have found that for steady burning 
the square of the burning droplet dlamoter decreases linearly vdth time. 

Tlall and Piederichsen (4) have carried out experimental studies on the 
combustion of drops of liquid fuels at various pressures. They concluded 
that the mass rate of burning of fuel droplets is roxi/^ly proportional to 
the one-fourth ’^ower of the pressure for pressures up to twenty atmospheres. 

Efforts have also been made towards understanding the mechanism of 
burning of single drops of fuel in oxidizing ntrnos-eheres. Godsave (1,2) 
obtained a useful theoretical interpretation of his experimental results 
by assuming that the chemical reaction rates do not control the rate of 
buiming. Under these conditions the problem is essentially a study of heat 
and mass transfer between the flame ^ront, the fuel droplet, and the suiv 
rounding atmosphere. The location of the reaction front is determined 
empirically. V/ith this physical model Godsave derived an ex7:!licit expres- 
sion for the burning rate of llculd fuel dronlets which contained two adjust- 
able parameters. These were the temperature of the flame front and the 
combustion radius. Godsave (1,2) showed that the use of reasonable values 
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for thesG pnrnnetere vms consistent with the ohserved ronos hurninn rntes. 

Goldsmith and Penner ( 5 ) and Graves (6) ohtnined explicit relations 
for the maer, "burning rntoo of fuel droplets "by postulating that the 
position of the flame front Is eBta"bllshed In such a way that the deliv- 
ery rates of fuel to oxidizer nre In stolchionetric proportions. These 
authors derived relations for the radius of the flame front, the flame 
temperature, and the mass flow rate, which contained no adjufita"hle para- 
meters. 

The method of Goldsmith and Penner can he extended to calculations of 
burning ratoo for mo nopropellants. It is the purjjoso of the present 
study to show the required modifications for monopropellants in the special 
case In which chemical reaction rates nre not rate-controlling. 

The assumed mechnnism for the combustion processes In the following. 

The fuel evaporates and diffuses to the reaction front, which is assumed 
to "be a spherical shell surrounding the droplet. The location of the reac- 
tion front is defined by nssumlng that the reaction zone temperature is 
0,90 of the adiabatic flame temperature. It Is assumed that the reactants 
are consumed instantaneously upon reaching the flame front. The problem 
of determining the rate of burning, therefore, requires solving a trans- 
port problem. Generally the rates of mos and heat transfer will be in- 
creased by the effects of convection. Therefore, a lower limit for the 
burning rate will be obtained If the analysis is made for a droplet burn- 
ing in fi still atmosphere, neglecting the convection of hot gases over the 
fuel droplet. 

A detailed discussion of the theoiy and n derivation of the basic 
relations, following closely the paper of Goldsmith and Penner, Is given 
in Section II. The results of wpreeentotlve calculations are described 
in Section III for the following monopropellants: hydrogen peroxide. 
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nltrotDethane, hydrazine, ethylene oxide, ozone, and nitrous oxide, all 
hurnlnit; in nitrogen. 

Some uneuccesflful attempts at igniting single droplets of monooro- 
pellants (hydrazine and ni t rone thane ) , supported from a quartz fiber in 
nitrogen, are described in Section IV. These s^’me monopropellents burning 
stably in air were found to extinguish when the oxygen was removed from 
the surrounding atmo9T3here. These results probably reflect the well- 
tanown practical dlffioultles encountered in monop ropellnnt operation, 
which is often successful only if suitable ignition catalysts ara ennloy- 
ed. 

The evaporation constants for the burning of hydrazine and nitro- 
methane in air were detennined exreri mentally. In Section V these experi- 
ments are described, and a comparison Is cade with results calculated for 
the heterogeneous burning of fuel droplets in air. 
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II. A SIMFLI?IBD };0D>:L ?0R TH?. BURKING 0? SINGLE DROi S OF* MONOFROt KLLANT* 

In order to present n clear picture of the physical model upon which 
the analysis is hnsed, the important assurrctlons are listed in detail 
helow! 1, TTie droplets are spherical. 2 . Convection effects may he 
neglected. 3. The flame front surrounding the drop is represented hy n 
spherical surface concentric with the drop. All reactions take place 
instantaneously at this surface, at which the temperature is assumed to he 
0.90 of the adlehntlo flame temperature. The calculated burning rater- are 
not a sensitive function of the assumed mtlo of flame surface temperature 
to adiabatic flans temperature. Steady state solutions are assumed 

for fixed droplet sizes. 5« The effect of heat transfer by radiation is 
neglected. 6. Mean values are used, when appropriate, for the t:hyBical 
properties. 7. The temperature of the ronopropellant drop is asrtmed to 
be uniform and equal to the boiling temperature. Although this assumption 
is questionable, it does not exert a large effect on the theoretical 
results. 8, The pressure is assumed to be uniform througjiout the system. 

A schenatlc diagram of an evaporating and burning monopropellrnt 
droplet in an inert atmosphere is shown in fig. 1. The radius of the 
liquid drop is r^ and its temperature is the normal boiling point . 

The radial distance of the combustion surface from the center of the li- 
quid droplet is r^ and its temperature, T^, is O.OQ of the adiabatic flame 
temperature Tj, i.e. Tq ■ O .9 T^. The inert gas mixture at a large distance 
from the combustion surface is at temperature T^. 

• The present discuBsion follows closely the wording in the paper by 
Goldsmith and Fenner (5). However, appropriate changes are Introduced 
whenever necessary in order to make the analysis applicable for our model 
of Bonopropellent burning. 
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Let fep represent the steady-stnte mnes r.nte of fuel consuirfotion, which 
Is the desired elgenvelue of the 'bo\indnry-vrilue prohlem; t is the time, j , 
Cp and A represent, respectively, the density, specific hent at constant 
pressure, and thermal conductivity; Aj' equals the specific latent heat of 
evaporation of the fuel, 

?or a constant-pressure flow process, the first law of therrodynmaics 
leads to the relation 




where dh/dt is the rate of enthalpy Increase of the gases paeslng through 
a fixed volume to which the total rate of ener^a^ transfer is dq/dt, 5br 
a spherical ehell hounded hy the radii r^ and r^, the energy oqtiatlon 
takes the form 




a ^T~ 

ejA 



dA. 



( 1 ) 



where the subscripts 1 and f Identify, respectively, the surfaces at r^ 
and r^, and h^ Is the specific enthalpy of the monopropellant. 

*Ihe general continuity eqmtlon for species K can he written in the 



form 



where mg is the rate of mass transport of species K, ^ is the density of 
the gas mixture. Tg equals the weight fraction of the species K, a-nd Og 
is the appropriate diffusion coefficient for species K. Kquatlon (2) 
states that the total mass transport of species K is equal to the sum of 
the mass transport of species K associated with the movement of the avei^ 
age fliiid, Yg fcp, and with the mass transfer hy diffusion, D« J ht . 



The laomentuin eciui'itlon reduces to the etnteinent thet tho prsGBure is 
orpctically constant, which is nesuirod to he the case in tho anrlysiB. 



A. Derivation of Godsave’e Sctiation for roy. 



The expression for conservation of enero^, f^ven in Eouation (1), is 
applied to the spherical shell between Xj and r for r<rj,. The rate of 
enthalpy transport at r^ is 



and at r 



rnf 



The rate of energy transport hy thermal conduction at r^ is 



_^rr^'AA^ 






=. — -rhp 



and the rate of energy transport at r into the spherical shell between 
X /, and r is 

d Ax 

Hence ^quntlon (1) T^ecomea 






' d 



or 



4-rr^^dI 




4/ 




where the subscript^ to tho specific heat indicates the monopropellant 
vapor. If it is assumed that =A, is independent of temperature and 




■^TTa.^ AX = 1^1= LCplti^ Ay ^ (T-J}) 

^^7^ C^p> 



Integration of the prece/dlng expreselon "between the linits r - at 
T s and r * at T • leads directly to Godsavo'e equation for 



Sxanination of Equation (4) shows that for r^>>r^, or for constant values 
of ry /r^, fep is a linear function of the droplet radius. Also, since 
is generally large compared to , it follows that nip is not a sensitive 
function of . 

It should he noted that Equation (4) was derived without making any 
special assumptions about the location of the reaction front. For this 
reason the expression for mp contains two unknown parameters, and r^. 

B. An Expression POr mp If and Are Linear Functions of the 

Temperature. 

A refinement of Oodsave's equation was obtained by Goldsmith and 
Penner by deleting the assumptions (a) that A can be assigned an average 
value, , in the temperature interval between and T^, and (b) that 
the specific heat of the monopropellant vapor is constant. We use the 
following approximate expressions: 






( 5 ) 



where is the thermal conductivity of the monopropellant-inert gas 
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mlxture at the tenpernture T( , end 



(c^-C( = -t~ t> I (^) 

where a and h are eultahly choeen constantc, liquations (3). (5) and (6) 
lead to the result, 



dA. 



Ijl- 



a (r-z? ^ ^ ^ ^ ~ ^ 



] 



Integration of this expression fron r^ , T to r^, results in the 
relation 



lr>f = 



4TT 






(7) 



where 



-I 



^ = 



- ia. fsn ^-t-bT 

Yx >T 



JL^fanh a±br 

tY ^ 






> O 



^6-r < O 



( 8 ) 



where is the value of cp for T * and is the value of for 
T « T ^ , and 

r- (8a) 

Reference to Equations (7) end (8n) shows again that rip is determined 
provided and are known. 



C, Determination of the Comhuntion Radius. 



For the spherical shell "between r >rg end r^, Fx^uatlon (1) hecones 
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7Vpihf>)^~Thf:Chp)^ = 



4rTA^ \ ^ 




ah 


L J 


A. 





(9) 



■^'tc 



where denotes the specific enthalpy of the products of reaction. The 
terra equals the total heat evolved on reaction at 
nlnus the energy transported to the fuel droplet, i,e, 

— I^/T A, A ~ ^ ^ ^ 

where h^ is the specific enthalpy of the monopropellant. Hence Equation 
(9) hecoraes 



- 4 TTaA 2 ah = 7r>F 

dA. 






(10) 



where 



- ~^^p)y* +( -t- CA (72?- J 



( 11 ) 



Here T* le a standard reference temperature (298.16°K), and denotes 
a constant specific heat for the liquid raonopropellant in the temnerature 
range T* to . The quantity q* differs from the standard heat of 
comhustion for one gram of liquid raonouropellant throu/jh the addition of 
the term c^ (T^ ** T*). If (Cp)p is Independent of the tecperature, then 
Equation (10) reduces to the relation 



— ^-ttaA A gli* 



dA. 









:p)pj 



(10a) 



This equation is of the form 



=■ Ccp) + t) 



(loh) 



with 
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^ -T"" = -T? (12) 

Replacing ^ by ^cT/T^ in ^auntlon (10b) and Integrating from r^, 

Tq to CO , Tq the following relation Is obtained 






* 

4 rr_ 2 <. _ (To-n) ■+ Tf (To- n ') 

'7c — 7p/ 



(13) 



Prom Squatlons (7) and (13) an expression for t ^[ t ^ Is obtained, via. 




(li^) 



where 

- i:®)] +[«Pc - cft 



(15) 



Reference to Equation (Ih) shows that Is a constant for fixed 

values of the physico-cheinloal pammetere. Hence Equation (7) shows that 

e 

Bip is a linear function of r^ . 



D. The Evaporation Constant K’. 



The linear relation between nip and r ^ has been used to obtain the 
following expression for the variation of droplet diameter with time; 

do*--K't (16) 



where d is the droplet diameter at time t, d^j is the initial droplet 
diameter, and the constant K‘ is referred to as the evaporation constant. 
It is easily shown that K* is related to Dp through the expression 



I 
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K' = 

TTAjif^ 



( 17 ) 
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III. I'-bl'LTS oy CA1.CULATIONS 

The procedure for crJculfitlng the various quantities involvep the 

« 

following steps: 

(a) For suitably chosen values of the physico-chemical parameters 
and assuming * 0.90Tf, the computational parameter (£ is 
obtained from liquation (15). 

(b) The quantity Is obtained from Equation (l^^’). 

(C) Dp/^ is detennlned from liquation (7). 

(d) Finally, the evaporation constant, K’, is calculated from Equation 

( 17 ). 

The calculations were carried out for the conopropellnnts decomxjosing 
as indicated below; 

(a) Hydrogen Peroxide 

(b) Hi t3rom ethane 

0.2C02,^-b 0.800.,,-^- 0.7H2,^-b 0.5H2,,,-^ O.SHgO,,, 

(c) Hydrazine 

^2^^^) " ^2cj) 2 H 2 (,) 

(d) Kthylen® Orld. 

— 'o„V 



203^^; — ^ 302(,, 



(e) Ozone 



I 
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(f) Tlitrous Oxide 






The nppropriftte values of the phyel co-cherlcnl parameters and the 
calculated values for TqItj and K’ are listed in Table I. 



PHTSICO-CHHIMICAL PARAirOTHS AIJD CALCULATED TALUBS FOR AKD K» 
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Reference to Table I shows thnt the calculated values of K* fall in 
the ran^e 5 to 12 x 10”^ cm^/sec, which is similar to the results obtained 
for the heterogeneous burning of fuel droplets in air. On the other hand, 
the calculated values of tJx/ are roughly 1,5. which is only about one 
fourth of the corresponding results for fuel droolets burning in air. It 
should be noted that obseived flame radii for fuels burning in air are 
generally much smaller than the calculated radii. This result, as well 
ns the Imrsossibly high flame temperatures obtained (neglecting dissocia- 
tion) for fuels burning in air on the assumption that the flame surface 
corresponds to the position where the delivery rates of fuel to oxidiser 
are in stoichiometric proportions, suggests that the assiunption 0.9Tj. 
may be a generally useful concept. 
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I,. K«.1CBIKSKT*L studies OB lOBITIOB AID SimBIBO OF BOBO, BOrF.LI.AW 
DROPLKTS 

A. Sumlng of Slwlo DioP» 1 » » mtrogon Atoo.rhor. 

Tho Appnratuo «oeS for the orporlMOtol «ork U .ho«m In Pig. 2. 

B, . oWoot of th. Inro.UgAtion ,n. to photogmph nnd rooorcl the deoreae. 

In drop elAO with time during oonhuetlon. The comhuetlon tank ehown In 
ng. 2 «. ueed eo that the monopropellant droplet could he eurrounded hp 
nitrogen. The tank had the ehap. of a ouhe meaeurlng 12 Inche. on each 
elde (inelde). and vae mad. of 1/2 Inch thick Incite emcept for the l/h 

inch thick front and hack panels, 

Bltrogen Introduo.d through a 3/8 Inch fitting .crewed Into the 
tank elde. A almllar fitting on the opposite side of the tank, open to 

the atEosphsre, served as an eThaust line. 

A fin. silica fil«..nt was c«»ent.d to a hrass holt screwed through 

She top of the tank. The filament and holt were of such a length that th. 
up of th. filament was about In the center of the tank. It was necessary 
U thicken th, er^ of the filament In order to retain the llpuid droo on 
the filament. Ihe diameter of the thickened end was approklmately 0.30 mm. 

The drops were suspended on the filament hy means of a hypodermic 
syrlngs and an eight Inch needle Inserted through a rubber diaphragm In 
th, top of the tank. B.. drop, were between 1.5 and 2.5 mn In diameter. 
The diaphragm was mad. hy cementing a piece of 1/16 Inch neoprene over a 
1-1/2 Inch hole out Into the top of the tank. A eketoh of this operation 
1. shown in ng. 3. After suspending th. drop the needle was withdrawn 

and th« diaphragn sealed itself. 

It was planned to Ignite th. drop, hy mean, of an electric spark. 
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Por this purpose electrodes of l/l6 inch hmss rod were holted to the 
sides of the tank and positioned so as to leave a gap of nhout 1 ctn, 
across the filament tip. 

The first attempts to ignite the drop were made using a six-volt stor- 
age hattery connected throu^ a spark coil and an on-off switch to the 
electrodes. Attempts were made to Ignite nitromethane and hydrazine hy 
this method hut all attempts failed. 

The hattery and spark coll were then replaced hy a continuously spark- 
ing Tesla coil leak tester, which was connected to the electrodes. The 
spark was hot enough to cause rapid evaporation of the drops hut would not 
ignite them. The sparks were ohserved to ”go aroxmd” the drop of nitro- 
methane no matter how short the distance between electrode and drop. On 
the other hand the eparks appeared to "go throu^" the hydrazine; in this 
case the only ohserved effect, heeldes rapid evaporation, was a yellowish 
discoloration of the drop. 

Believing that more powerful sparks would only succeed in knocking the 
drop off the filament, it was decided to try ignition hy means of a hot 
wire. For this purpose a prohe was hullt hy passing two large insulated 
copper wires through a l/h inch copper tube about 10 Inches long. 

The ends of this tube were sealed with cement end small pieces of 
tungsten wire were clipped to one end. The other end was connected to a 
six volt storage battery. The temperature of the tungsten wire was 
controlled hy its length. Pieces about 1 inch in length or less would 
hum out almost Instantly when the hattery was connected. The prohe was 
Introduced into the combustion tank hy passing it through a 1/8 inch hole 
out into the neoprene diaphragm, A sketch of this arrangement is shown 
in Pig. U. 
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Two different hot wire nrrnngetnents were used in the ignition atterpts. 
At first a 1 eta. piece of tungsten wire was used and passed through the 
drop. When the hattery was connected, the tungsten humed out with the 
expected white flash hut the drop was undisturbed. 

A second atter.pt was made using a tungsten wire about 2 inches long 
formed in the shape of a coll. The coll was passed around the drop and 
the battery connected. The terrperature of the wire was Increased by using 
progressively shorter wires. With 1 inch lengths the %dre burned out 
almost Instantly. The only effect of increasing the wire terroemture was 
to Increase the evaporation rate of the droo. A last atterut was made 
using a 1-1/h inch tungsten wire and piecing the white hot wire in contact 
with the drop. The drop evaporated mors rapidly than before but did not 
ignite. Removal of the hot wire after a short time immediately halted the 
rapid evaporation, thereby eliminating the possibility that the drop was 
actually burning with an invisible flame. 

It was felt that any further attempts to ignite the drops under these 
conditions would be futile. It was decided to study the change which 
occu^ed in a continuously burning drop as an oxidizing atmosphere was re- 
placed by an inert atmosphere. 

B. Appan»tus for Continuously Burning Drops* 

The apparatus used for the experimental- work with a continuously burn- 
ing drop is shown in Fig. 5* The object of the investigation was to photo- 
graph and record the change in flame chamcterlstlcs as an oxidizing atmos- 
phere was gradually replaced with an inert atmosphere. Continuous burning 

* The author is indebted to Mr. K. Goldsmith for the loan of the apparatus 
used in these studies. 
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was o'btainQd "by feeding the mono^ropellant throUtt'h a hypodermic needle 
with a porous hall cemented to its end. The porous hall was made fror 
alumina and had a diameter of about 7 P>m. A small hole was drilled in the 
hall Into which the needle was cemented using a high temperature ceramic 
cement. The needle was attached to n 50 cc hypodermic syringe held fixed 
in the apparatus hy two clamps. The plunger was moved through reduction 
gears and a worm drive hy a 12 volt, 4,000 rjxn D.C. motor, controlled hy a 
rheostat and rectifier. Uith this arrangement the monopropellant fuel 
flow could he varied from *ero to a level where excess liquid would drop 
from the porous hall. The needle and hall were introduced into the com- 
bustion tank hy means of a slotted holt threaded into the side of the tank. 

It was planned to ignite the drop in air and then, after adjusting the 
rheostat for steady burning, to introduce nitrogen elowly until the tank 
atmosphere was inert. The burning drop could he photographed with a 35 nan 
movie camera at Intervals during the cycle. 

The drop was Ignited using the probe and tungsten wire coll. Ignition 
occurred quite readily. The rheostat was adjusted to maintain continuous 
burning and nitrogen was slowly Introduced into the tank. As the nitrogen 
entered the flame became very sensitive to pjiy mechanical Influence. Jai^ 
ring the tank or needle would cause the flame to extinguish immediately. 
Variation in the feed rate would sometimes cause a drop of monopropellant 
liquid to drop from the porous hall. V/hen this happened the flame would 
go out. As the burning time and percentage of inert atmosphere increased 
the sensitivity increased until eventually every drop would he extinguish- 
ed despite a plentiful supply of monopropellant fuel. Once extinguished 
the drop could not he ignited until the tank had been flushed with air. 

In order to determine whether this phenomenon was due to lack of 



oxygen or to mechnnlcnl dlsturtance, the poroue ’ball was removed from the 
tank and oet up as shown in Fig. The drop \fps ignited and the ap- 
paratus adjusted for continuous huming. As long as the drop was huming 
in air it continued to hum with a steady flame. Vlhmtion or jarring of 
the needle had no effect on the flame. Increasing the monoprox^ellrnt 
mass flow caused excess liquid to drop from the porous hall hut with no 
detrimental effect on the flame. In order to oheck the effect of lack of 
oxygen, a 500 cc heaker was Inverted over the flame. Within a few seconds 
the flame exhibited the sane type of sensitivity It had in the comhustion 
tank and was easily extinguished hy a slight vihratlon or jarring. When 
great care was taken to eliminate any mechanical disturbance the flame 
lasted a short while longer hut eventually was extinguished. As a final 
check, the heaker was flushed with nitrogen and then inverted over the 
huming drop. The flame was instantly extinguished. 
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V, HXP3^RI^^35NTAL STUDIKS ON BURNING OF HONOPROP’^LANTS IN AIR 

Since the nitroaethnne and hydrazine drops would not hum In an Inert 
ntmoephere, at least without a suitable catalyst, it was decided to cocv« 
pare the burning rates in air of these monopropellnnts with the calculated 
burning rates for burning of fuel droplets in air. 

The apparatus used for this Investigation is shown in Fig. 7. The 
silica fllonents were similar to the ones previously described. The drops 
were suspended on the filament by means of a hypodermic syringe and 
needle. Ignition was accomplished by n small flame. 

An electrically driven Arriflex 35 n® movie camera was used to photo- 
graph the burning drops. The drops were photograj^ed in silhouette by 
providing strong background lllunlnatlon. A 10 inch adapter tube was used 
with the lens to obtain as large an image of the drop ns possible. A 
lens setting of f9 was determined to be satisfactory. The background 
lllunlnatlon was provided by a 100 watt light bulb located directly behind 
the filament tip. Kodak Sux>«r XX 35 mm film was used. 

The drops were photographed at a camera setting of 26 frames per second. 
Hie actual camera speed at this setting was checked by photographing a 
500 watt ll^t bulb through slots cut into an aluminum disk attached to a 
constant-speed motor. With this stroboscope the camera timing was found 
to be 26.31 fnunes per second (1 firame per 0.038^ seconds). 

A 3/32 inch ball bearing was photographed at the beginning of each 
loo foot roll of film. This calibration was carried out under the same 
camera focusing conditions as for the burning drops, thereby providing an 
accurate reference measurement for detenninlng the magnification of the 
photographs and, consequently, the actual size of the drops. 

The size of the burning drops was detormined by using a technique very 
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similar to that descri'bed l>y Oodnavs (2). The film v/ns measured with the 
aid, of a 35 ros! microfilm reader (to produce further magnification) and a 
steel scale graduated to l/2 of a millimeter. Two morsurenents were made 
on each frame, namely, the two perpendicular diameters inclined at ^5° 
to the major and minor axes in the plane of ohservation. The mean of these 
two rasasurements was recorded ns the "effective diameter" of the drop. If 
the major and minor axes do not differ greatly, as was the case in these 
teats, then it is easily shown that the volxun© of a sphere with the 
measured effective diameter is not greatly different from that of the 
prolate spheroldi which actually corresponds to the shape of the drop. As 
can he seen from Pig. 8, the suspended drops were reasonably spherical 
during the major part of their life. 

In most cases, measurements of each drop were tnteen over a range of 
sizes extending from the initial to aTrproximately one half of the Initial 
drop diameter. Kvery fifth frame of the film for each dron was measured. 

The experimental results gave directly the drop diameter, d, as a 

2 

fxinotion of tine, t. The plots of d" against t were found to he linear. 
Typical experimental plots for nitromethane and hydrazine are shovm in 
Figs. 9 and 10, respectively. The value of K* is determined directly 
from the slope of the straight lines and has the dimensions cn^/sec. 

The calculated evaTJoratlon rates for burning of fuel droplets in air 
were obtained using the ecuations derived by Goldsmith and Penner ( 5 ). 

These results are compared with the observed values of K* in Table II. 

■Reference to Table II shows that the measured burning rate for nitro- 
nethane burning in air is in good agreement with calculated results. Com- 
parison with the evaporation constant calculated for nitromethane burning 
in an inert atmosphere shows the anticipated result, namely, since the 



reaction produote do not differ grently, the 'buming rates are eitnllar. 

The value of huming rate observed for hydrazine huming in nlr was 
found to he consldemhly hi{^er than the value calculated for fuel drop- 
lets huming in air or for monopropellant droplets huming in an inert 
atKOsphere. This result indicates that the assumption of a simple dif- 
fusion flame is prohahly not valid. It is more prohahle that the hydra- 
zine decomposes throui^out the region between the llould droplet and the 
tomhustlon surface" rather than Instantaneously at the "combustion sur- 
face" . 



TASIT? II. COJTARISOK OF CALCULATED ATTD OBSFRVFD VALUES FDH THE 

EVAPOR/iTION CONSTANT K« 





Hydrazine 


Nltrome thane 


Calculated value 
in inert atmosphere 


0.0049 


0.0123 


Calculated 
value in nlr 


0.0087 


0.0113 


Observed 
value in air 


0.0212 


0.0109 
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FIGURE 1. SCmUTIC DIAGRAM OP BURNING MONOPROPELLANT DROP 
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FIGURE 2 



SKETCH OP APPARATUS FOR BURNING SINGLE DROPS IN NITROGEN 
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PIGURB 3. SKETCH OP APPAHATUS FOR SUSPENDING DROP ON THE FILAMENT 
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PI GUKB 4. SKETCH OP APPARATUS POR HOT WIRE IGNITION OP DROPLET 
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FIGURE 5. SKETCH OF APPARATUS FOR CONTINUOUSLY BURNING DROPS IN NITROGEN 
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FIGUEE 6 



SKETCH OF APPARATUS FOR CONTINUOUSLY BURNING DROPS IN AIR 
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FIGUHE 7. SKETCH OF APPARATUS FOR BURNING SINGLE DROPS IN AIR 
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8a. Hydrazine burning in air 
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b. Nitromethane burning in air 



FIGURE 8. PHOTOGRAPHS OF BURNING DROPS 
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FIGURE 9 . PLOT OF vs t FOR NITROMBTEAirE BURNING IN AIR 
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FIGURE 10. PLOT 0? vs t FOR IFfURAiZINS BURNING IN AIR 
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